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I. INTRODUCTION
V EHICLE detectors (VDs) are widely used to gather traffic information in an intelligent transportation system (ITS). The objective of a VD is to obtain traffic information, such as the speed and length of vehicles passing on a road. A wide range of sensor technologies are available for VDs, such as inductive loops, video, ultrasonic detectors, and microwave detectors. The advantage of radar-based detectors is that they are a mature technology because of past military applications. Radar-based detectors are unintrusive and can operate day or night in any weather conditions. A frequency-modulated continuous-wave (FMCW) radar is widely used for traffic data collection. It transmits a continuous-wave (CW) signal and compares the frequency difference between the transmitted and reflected signals to estimate the vehicle range and its speed.
The installation methods of radar-based detectors can be classified as forward-looking and side-looking (or roadside). Forward-looking detectors have an illuminative direction parallel to the direction of traffic and are applied only to a single lane [1]. Conversely, Fig. 1 shows that side-looking radar detectors illuminate the direction perpendicular to traffic. A single-radar detector in a side-looking configuration can cover multiple lanes if it is properly placed and if appropriate signal processing techniques are used. In this case, microwave sensors can replace a large number of loops, which are usually installed in the travel lanes. Perpendicular side-looking installation is the most popular approach for current ITS applications. The working theory of a side-looking VD is the same as that of a single loop in each lane. When the vehicle length and vehicle speed are uncorrelated, vehicle speed v and vehicle length l are related by These parameters cannot be independently measured in a single loop. A single loop can only detect dwell time t. Vehicle length l is typically set to a constant value, and (1) is used to estimate speed from single-loop measurements. However, this approach does not consider varying vehicle lengths. During a low flow, a long vehicle can skew statistical data because it requires more time to pass the detector. Many studies [2] - [4] have addressed this problem.
Most side-looking radars can measure only the dwell time of a vehicle passing through the radar sensing zone. A singlebeam radar served as a single induced loop to estimate speed based on the dwell time. Although dual-radar detectors can provide more accurate speeds and vehicle classifications by measuring the time difference between two radar beams, they encounter a number of problems. First, they require a highly precise installation to ensure perpendicularity to the direction of traffic; otherwise, matching the detected signals between two radars is difficult. The second problem is that the performance can be inhibited when one of the radar signals is blocked by nearby vehicles in traffic jam scenarios.
The conventional installation of a side-looking radar does not use the advantage of detecting the Doppler effect of microwave detectors because the returned Doppler frequency generated by the vehicle is weak. Prior studies [5] , [6] have detected the weak Doppler shift for measuring real-time speed by using wide beam antennas. The disadvantage of this approach is degradation in range accuracy. Many other studies [7] , [8] have used various waveforms and frequencies to obtain range and speed information. Because of the weak Doppler effect, the perpendicular side-looking VD cannot apply the typical FMCW speed detection method by comparing beat frequencies of up and down sweeps [9] or the displacement difference [10] . Therefore, it is crucial to develop an appropriate method with a narrow-beam single-radar detector to provide accurate range, speed, and vehicle classification estimates. This paper proposes a novel radar system to detect multiple vehicles in multiple lanes. The following section presents the associated FMCW radar measurement scheme and the associated 2-D range Doppler FMCW radar Fourier processing method. The range and Doppler frequency were obtained using the 2-D fast Fourier transform (FFT) technique [11] widely used in inverse synthetic aperture radar (ISAR) signal processing [12] - [15] . Vehicle detection was performed by using a highspeed digital signal processor (DSP) and a 10.6-GHz FMCW front end. This paper also presents an algorithm to measure the speed and vehicle length by using a fixed single-radar module.
The remainder of this paper is organized as follows. Section II briefly describes the derivation of the proposed method and Section III presents the measurement results to illustrate the capability of the proposed method. Finally, Section IV concludes the study. Fig. 2 shows an FMCW-based VD installed on a roadside with a squint angle. In this configuration, the Doppler frequency returned from the moving vehicle is enhanced compared with that from the perpendicular VD. Fig. 3 shows a typical FMCW radar setup. For a side-looking FMCW VD, the range data retrieved from up and down sweeps are almost the same except for a little phase difference. In addition, a triangular waveform doubles the time span on a sweep; it reduces the pulse repetition frequency (PRF) and downgrades the Doppler frequency detection. Therefore, a sawtooth waveform is used instead of a triangular waveform. The CW signal is modulated in the frequency to produce a linear chirp, which radiates toward a target through an antenna. The echo s rx (t) received τ (t) seconds later is mixed with a portion of the continuous transmitted signal s tx (t) to produce a beat signal at frequency s b (t), which is proportional to the roundtrip time-of-flight (RTOF) τ (t) between the radar and the target.
II. PROPOSED METHOD
The transmitted signal can be expressed as
where the instantaneous phase term is
The carrier frequency in which the modulation starts is denoted by ω c0 = 2πf c0 . Sweep rate α = 2π(B/T ) is equal to the quotient of radar signal sweep bandwidth B and sweep duration T . t is the time variable in the range 0 < t < T . Signal s rx (t), which is reflected by the target and received by the radar, is a replica of the transmitted signal; however, it is delayed by the RTOF. The signal received from the target is delayed and attenuated, i.e.,
The received and transmitted signals, i.e., s rx (t) and s tx (t), are multiplied in the mixer. A low-pass filter is used to suppress the signal components located at the double carrier frequency. By solving the multiplication and considering (2) and (3), a beat signal was obtained as
Consider a target located at distance d at time t = 0 and moving at speed v. The target reflects the FMCW signal transmitted by the radar unit. Vehicle distance d(t + kT r ) is defined as the range from the sensor to the vehicle at the kth sweep.
where v r denotes the radial component of the vehicle speed at squint angle θ. T r denotes the pulse repetition interval (PRI). During NT r , the coherent processing interval (CPI), the speed is assumed to be constant, and the RTOF τ (t + kT r ) between the radar and the target is defined as
where τ 0 is the RTOF when the vehicle is at the initial range d 0 .
Replacing τ (t) in (4) with (5) derives a 2-D beat signal, i.e.,
where
Without a loss of generality, this discussion assumes (v r /c) 1, and the term 2α(v r /c) 2 (kT r ) 2 is ignored. Equation (6) can be rewritten as 
The FMCW measurement was periodically repeated, and a set of a number of N signals was recorded. Fig. 4 depicts the measurement scheme.
The complex analytic signal in (6) was used for the descriptions to simplify the following mathematical expressions:
The complex amplitude A b comprises all constant phase terms. The 2-D FFT of this signal can be derived by applying the Fourier modulation theorem. With the spatial frequency variables r and v in the range and Doppler direction, the spectrum of s b (t, kT r ) is derived as
The VD procedure can be summarized as follows.
Step 1) Estimate the range by applying the range FFT: For each PRI, sample beat signals from the front end and obtain the beat frequency by applying FFT. The range is proportional to the frequency.
Step 2) Estimate the dwell time of the vehicle in the sensing region: An appropriate threshold must be set for a particular range bin. The simulation used a data set for three vehicles simultaneously traveling distances of 10, 20, and 30 m through the detection zone at speeds of 10, 60, and 40 km/h, respectively. Table I shows the sensor parameters.
The target range and speed can be unambiguously determined by evaluating the positions of the three 2-D impulses based on (8) and (9) . Fig. 5(a) shows that the range information for the vehicles was obtained by applying the range FFT for all sweep data. The speed information of each vehicle can be acquired during each CPI by applying a second FFT at each fixed range, because only one vehicle is at each fixed range. The speed measurement problem requires a peak search on the second FFT spectrum. By applying a single-tone frequency estimation method [16] , the fine speed resolution can be obtained.
This method addresses several crucial issues. As shown in (8), the range response was shifted by the Doppler effects regarding the true position. However, the shifted range is substantially lower than the range resolution. The proposed approach requires a Doppler shift within the Nyquist limit determined by the PRF, i.e.,
The PRF must be sufficiently high to sample the instantaneous bandwidth. Equation (12) effectively controls the Doppler shift by adjusting the squint angle. 
III. EXPERIMENTAL RESULTS
This section presents experimental results to demonstrate the performance of the proposed method in side-looking speed measurement. The data were collected using a 10.6-GHz FMCW VD, as shown in Fig. 3. Fig. 6 shows the radar was mounted on a tripod beside the road at a height of 2 m and at a distance of 3 m to the first lane. Both lanes of the road were 3.5 m wide, and the radar beams were placed at a 10
• squint angle facing the road. Table I shows the VD parameters. Because of the PRF limitations, the maximal unambiguous speed was 50 km/h. High performing hardware would be needed to measure higher speeds. The first test case confirmed that the 2-D FFT results enabled accurate speed measurements. The second test case further confirmed that the proposed method can simultaneously measure the speeds of multiple vehicles.
A. Test Case A: Various Speeds at a Squint Angle of 20
• The first experiment showed the ability of the proposed 2-D FFT approach to detect the speed and length of a vehicle. A vehicle with a length of 4.6 m was driven at speeds from 10 to 50 km/h in the first lane. The echo signal processed by the first FFT converts to range information. The dwell time for a vehicle in the detection zone can be measured by setting a suitable threshold at a specified range bin from consecutive frames. Fig. 7 shows the detected dwell time as the vehicle passed through the detection zone.
During the dwell period, the range FFT data of a target are collected for the Doppler spectrum after a second FFT. The Doppler spectra differ for various vehicle speeds. Fig. 8 shows that the 2-D range-Doppler spectra measured at various vehicle speeds had stronger peak signals at low speeds than at high speeds. These characteristics can solve the problem of imprecise speed measurement in most side-looking VD applications. Table II shows that the measurement error between actual and estimated speed was limited to ±4 km/h. From the measured dwell time and speed, the vehicle length can be derived using (1) . The length must be calibrated by subtracting the beamwidth at Lane 1. Table III shows that the measurement error in the derived vehicle length at various speeds was limited to 1 m. 
B. Test Case B: Multiple-Target Detection
Three scenarios were used to demonstrate the effectiveness of the proposed method for simultaneous detection of multiple targets at various ranges and traveling at various speeds. The first scenario was two targets moving in opposite directions at approximately the same speed (30 km/h). Both moving objects encountered each other in the detection zone. Fig. 9(a) shows a photograph of the encounter. Although the echo power of the bike was lower than that of the car, Fig. 9(b) shows that both were distinguishable in the range-Doppler spectrum.
The second scenario was one car and one pedestrian moving in the same direction at low speeds. The spectrum in Fig. 10(b) shows that, although the pedestrian was walking at a slow speed (approximately 5 km/h), the echo power was sufficient for accurate detection. The third scenario was two small cars moving in the same direction at 15 km/h. Fig. 11(b) shows that the spectrum for this scenario had two distinguishable peaks.
Figs. 9-11 show that, although the return signals of farther objects were often partly obstructed by nearer objects, the proposed method correctly extracted the range and speed information. The proposed single-radar detection method accurately measured the speeds of slow-moving and obstructed objects even when power substantially differed between zones, which limits the accuracy of speed estimation in the dual-radar and multiple-zone approaches. The second advantage is that the speed coherent process in the second FFT accurately detects targets with a small radar cross section, i.e., vehicles, bikes, and pedestrians. 
C. Test Case C: Signals for Different Vehicle Types
This experiment compared sequential 2-D FFT spectra between a van and a truck. The purpose of the experiment was to measure signal quality in a sequential 2-D FFT. The van (length, 4.9 m) and the truck (length, 12 m) were both driven at a constant speed (approximately 20 km/h). Fig. 12(b) shows that the 2-D FFT was applied to the signal for 1.152 s, which was the time when the van was in front of the sensing area. The 1152 sweeps obtained by the FFT at a 1-kHz sweep rate were equally divided into nine time sequences. Fig. 12(b) also shows the sequential results of Doppler spectra. Equation (12) was used to calculate the speed of the van based on the spectrum peak in each segment [see Fig. 12(c) ]. The same procedure was used to derive the speed of the truck. Notably, the sharpness of the Doppler spectra in Fig. 13(b) is lower than that of the spectra in Fig. 12(b) because the wider Doppler bandwidth yielded a wider variation in speed estimates.
IV. CONCLUSION
Estimating and classifying vehicle speed are crucial problems in VDs used to gather traffic data in an ITS. However, as noted in Section I, per-vehicle speed estimation by sidelooking single-beam microwave detection is generally inaccurate or unsupported. In addition, collecting reliable length data from these detectors is impossible because of the noisy speed estimates provided by conventional data aggregation for singlebeam detectors.
The proposed algorithm enables accurate detection of pervehicle speed and length by using side-looking single-beam microwave detectors. Unlike conventional side-looking radar sensors, the proposed method uses a squint angle to obtain stronger Doppler signals compared with conventional sensors. Since the proposed scheme couples speed and range measurements for the lane in which a vehicle is moving, estimates of vehicle location and movement are unambiguous and reliable. The directions of moving vehicles are also determined according to negative-or positive-displacement Doppler shifts, regardless of the driving lane. The length of a vehicle can be also derived from its speed and the duration of time in the sensing zone. Therefore, a single radar can efficiently measure speed and monitor all lanes of a traffic route.
Simulations confirmed that the theoretical range-Doppler FMCW principle derived in this study can be used to detect multiple vehicles simultaneously. A commercially available 10.6-GHz radar and modified signal processing software were used for experimental tests. The experimental results show that the proposed algorithm is highly accurate, particularly at low speeds. The measurement error was less than 4 km/h. In addition to detecting vehicles, the experiments showed that the proposed method can detect weak moving targets, such as bikes and pedestrians.
Although the proposed algorithm exhibited acceptable performance at low speeds, further studies are needed to increase the applicable vehicle speed range for the algorithm. Reducing the squint angle can reduce radial speed but would also weaken the Doppler signal and speed resolution. The solution is using a DSP with higher performance capability to improve the robustness and accuracy of the proposed algorithm.
